Background: Temperature and relative humidity (RH) are very important factors affecting embryo development, hatchability, and posthatch performance. This study aimed at characterizing embryonic metabolic and behavioural response to a harsh incubation environment generated by manipulations (elevations and drops) in these two key factors. This study was aimed at establishing patterns of metabolic and behavioural response, as well as mortality and the development of malformations, all of which can potentially be used in monitoring incubating operations and diagnosing problems with faulty equipment.
Background
Chicken embryos are poikilothermic, relying on an external source (hen or incubator) to provide the heat necessary for development and maintenance of normal metabolic functions. Therefore, temperature influences the metabolic rate of yolk and albumen mobilization and consumption and, subsequently, embryonic development throughout incubation [1, 2] .
Temperature may, however, have a divergent, or biphasic, effect during the course of incubation. Raising temperature initially accelerates embryonic growth and utilization of nutrients and energy from yolk and albumen, but as incubation progresses, exposure to constant high temperatures decreases embryonic growth [1] .
Exposure to low temperatures early in incubation not only appears to affect embryonic heat production (by influencing embryonic metabolic rates), but is also reported to influence embryonic and post-hatch development [3] . It has been shown that, early in incubation, the metabolic rate rises in response to higher incubation temperatures whereas, prior to pipping, both chicken and duck embryos show decreased metabolic rates as the internal egg temperature exceeds 40.0°C [3] .
It has been hypothesized that, if embryonic growth deviates from optimum, both post-hatch growth and organ function will be impaired [4] . Consequently, it is important to incubate eggs at a temperature that optimizes hatchability, currently defined as being between 37 and 38°C (most often between 37.5 to 37.8°C) [5] [6] [7] .
As incubation (and therefore embryo development) progresses and nutrients (e.g., lipids) are incorporated into the embryo and metabolized, the egg loses water through evaporation. The rate of incubational water loss by the egg has an effect on embryogenesis and the total water loss influences the creation an air cell sufficiently large to allow embryonic lung ventilation after internal pipping and a successful hatch [6, 8] . Embryonic mortality increases when water loss is lower than 9.1% or higher than 18.5% [6] . Dehydration can occur as a result of low relative humidity (RH) during incubation or hatching, or if a long period of time passes between hatching and removal from the hatcher (pull) [6, 8] . The optimal RH range established is quite wide, between 40 and 70% RH, with the maximum hatchability obtained around 50% RH [9] .
Problems with equipment maintenance, incubator cooling, airflow patterns and other conditions may cause embryos to overheat or cool down, to become overhydrated or dehydrated, negatively affecting hatchability and reducing chick quality. This study was aimed at establishing patterns of metabolic and behavioural response, as well as mortality and the development of malformations, all of which can potentially be used in monitoring incubating operations and diagnosing problems with faulty equipment.
Methods
All eggs used in this study were first-grade specificpathogen-free (SPF) hatching eggs (breed Lohmann Selected Leghorn-White Leghorn), obtained from a commercial supplier of Vaccine Eggs (VALO BioMedia). An OVA-EASY® Advance 380 (Brinsea) cabinet incubator with a maximum capacity of 384 eggs was used.
Establishment of normal development patterns
Four-hundred and seventy first-grade specific-pathogenfree (SPF) hatching eggs were obtained, in two separate batches. The eggs weighed between 49.64 g and 64.1 g, (average weight 54.76 g ± 3.4 g) and were stored for less than 2 days, at 14-16°C, 75-80% relative humidity (RH), and pre-warmed at 22-24°C for 12 h before incubation. Eggs were randomly divided and set in vertical position (blunt end up) across 6 incubator trays. Incubation conditions were as follows: from day 0 to day 18 eggs were incubated at 37.8°C, RH 50-55%; from day 18 onwards the eggs were set on the hatcher trays (in horizontal position) and incubated at 37.8°C, RH 60-65%.
A random sample of 5% of all eggs was removed from the incubator every two days of incubation (from day 0 to day 20) and submitted to the procedures described in Table 1 . A PowerLux® Egg Candler (Lyon Technologies, Inc.) was used for candling. Heartrate was assessed by visual inspection upon candling from day 3 to day 5 of development and via an electronic digital egg monitor (Buddy Mk2®, Avitronics) from day 6 onwards. Voluntary movements were assessed by visual inspection upon candling. Euthanasia was performed according to the European Parliament [10, 11] and the American Veterinary Medical Association (AVMA) guidelines. Briefly, embryos between days 0 and 14 of incubation were placed in a refrigerated environment (<4°C) for 4 hours prior to break-out, while embryos between days 16 and 20 were placed in a chamber with 100% environmental CO 2 concentration for 20minutes prior to break-out. Death was confirmed through exsanguination without maceration, in an effort to preserve embryos for future histopathological study.
Trial 1 -Challenge with constant sub-or supraoptimal temperatures
Five-hundred and forty first-grade specific-pathogen-free (SPF) hatching eggs were obtained, in two equally sized batches. The eggs weighed between 50.68 g and 66.34 g (average weight 60.48 g ± 2.94 g).
Handling before incubation was performed as described for Control eggs. The first batch (Treatment A) was incubated at 38.9°C, RH 50-55% from day 0 to day 18; from A random sample of 5% of all eggs was removed from the incubator at each day of incubation (from day 0 to day 20) and treated as described for Control eggs. Five-hundred and forty first-grade specific-pathogenfree (SPF) hatching eggs were obtained. The eggs weighed between 50.66 g and 78.27 g, (average weight 62.89 g ± 5.8 g).
Handling before incubation was performed as described for Control eggs. The first batch (Treatment C) was incubated at 37.8°C, RH 60-65% from day 0 to day 18; from day 18 onwards the eggs were set on the hatcher trays (in horizontal position) and incubated at 37.8°C, RH 60-65%. The second batch (Treatment D) was incubated at 37.8°C, RH 40-45% from day 0 to day 18; from day 18 onwards the eggs were set on the hatcher trays (in horizontal position) and incubated at 37.8°C, RH 40-45%.
A random sample of 5% of all eggs was removed from the incubator every two days of incubation (from day 0 to day 20) and treated as described for Control eggs.
Statistical analysis
The data were subjected to one-way ANOVA and to the all-pairs Tukey-Kramer-HSD test, by means of the SPSS Statistics 19 software (IBM, 2013).
Ethical statement
This study and the project to which it pertains were designed according to the European laws that regulate laboratory animal care and use, and submitted to the Commission of Ethics and Animal Welfare (CEBEA) of the Faculty of Veterinary Medicine (University of Lisbon), which deemed this study to be beyond the sphere of application of EU Parliament Directive 2010/ 63/UE, relating to the protection of animals used for scientific purposes, and therefore without need of approval by the same Commission.
Results

Trial 1 -Challenge with constant sub-or supraoptimal temperatures
The most prominent differences in the parameters monitored for this trial were related to albumen-weight to egg-weight ratio (AR), yolk-weight to egg-weight ratio (YR), embryo-weight to egg-weight ratio (ER), heart rate (HR), voluntary movements per minute (VMM), mortality rates (MR), and malformation prevalence and type.
Although significant differences between treatments may be identified on the average values for each of the parameters mentioned (as is shown in Table 2 ), it may be of greater interest to observe the evolution of these values throughout incubation, illustrated in Figures 1, 2 , 3, 4 and 5.
In Figure 1 it is possible to observe that the eggs in treatment A consistently exhibited higher AR than Controls. Treatment B eggs had limited effects on AR values.
Regarding yolk to egg weight ratio ( Figure 2 ), eggs in both Treatment A and B consistently exhibited higher AR than Controls.
Embryo to egg ratios for Treatment A eggs showed very similar patterns and values to Control from day 0 to day 16, at which point Treatment A eggs begun to exhibit slower growth rates and ER values than the eggs in the Control group. Treatment B eggs exhibited similar results, with lower ER values that start on day 9 of incubation.
Heart rate ( Figure 4 ) was consistently higher than control values for both challenged groups, particularly from day 5 onward. In contrast, VMM were lower than those observed for the Control group ( Figure 5 ), prominently from day 7 onward.
Mortality rates ( Figure 6 ) were higher during the first 4 days of incubation for embryos in Treatment A, with a second mortality peak between days 13 and 17. Mortality rates in Treatment B were higher during the first 12 days of incubation.
Malformation rates (Figure 7) were highest for embryos subjected to Treatment A but also significantly higher for embryos in Treatment B than in the Control group. Malformations were most prominently related to the abdominal wall (celosomia) for both treatments. Head and skull malformations (anencephaly and exencephaly) and limb malformations (plantigrady and polymelia) were also identified for both treatments. Other malformations observed were related to stunted body growth (dwarfism) and localized subcutaneous edema for embryos under Treatment A; and eye (unilateral eye duplication, microphthalmia and anophthalmia) and beak malformations (micrognathia) for embryos in Treatment B. Compound malformations (multiple alterations in a single embryo) were a common event whenever malformations were present.
Trial 2 -Challenge with constant sub-or supraoptimal relative humidity
The most prominent differences in the parameters monitored for this trial were related to YR, HR, VMM, mortality rates, and malformation prevalence and type. Yolk ratio values for Treatment C remained above Control YR values throughout incubation. Treatment D eggs exhibited YR values that were consistently higher than Control YR values, except for the last days of incubation (days 18-20), when YR values were significantly lower than those registered for Control eggs.
Both humidity-related treatments had limited effects on ER. Heart rate was consistently higher than control values for both challenged groups, particularly from day 10 onward.
Both Treatment C and Treatment D embryos exhibited early onset of voluntary movement (on day 5 instead of the usual day 6-7), albeit consistently presenting VMM values lower than the embryos in the Control group.
Mortality rates were higher during the first 4 days and on the last day of incubation for embryos in Treatment 
Discussion
Environmental conditions during incubation have a prominent effect on embryonic development.
After oviposition, embryonic development in birds is dependent upon the external temperature to which the egg is exposed and will vary in response to changes in that temperature, even if the rate of growth appears to be narrowly regulated within a species [5, 7] . Developmental processes should proceed most efficiently under optimum environmental conditions as embryos are sensitive to lower or higher incubation temperatures, with lower incubation temperatures generally retarding and higher incubation temperatures accelerating growth, development and nutrient usage [12] . The risk of dehydration or overhydration is another hazard to be taken into consideration. This can be influenced by relative humidity during incubation and hatching, and incubation at a lower RH has been reported by some authors to reduce chick body weight [6, 9, 13] .
All of the parameters monitored were affected by the manipulations made in this study, suggesting specific ways in which the embryo responds to changes in the incubation environment.
Albumen and yolk are the two main sources of nutrients for the avian embryo, and without access to any other sources than those provided by the egg itself for its nourishment [14, 15] , AR and YR were considered, for the purposes of this study, as monitors of nutrient consumption during embryonic development. Thus, the negative effects on AR and YR were interpreted as lowered embryonic metabolism in response to the stress caused by less-than-ideal incubation conditions imposed on the eggs. Embryo-to-egg weight ratio, on the other hand, was considered a monitor for embryonic growth, which tended to evolve more slowly and remain lower than the established normal, especially in embryos challenged with temperature treatments, namely Treatment B.
The two remaining altered parametersheart rate and voluntary movements per minutewere considered to be strong indicators of embryonic stress, as all treatments applied resulted in elevated heart rate and decreased embryo movement.
Taking our results and other published reports into consideration [12, 16, 17] , one can hypothesize that the results obtained reflect a chain of reactions from the embryo to a stressful incubation environment. As thermal or hydric stress is registered, the embryo responds by lowering its metabolism (and henceforth its consumption of both yolk and albumen) in an attempt to compensate for the limiting and harsh environmental conditions. Similar observations have been communicated by Uni et al. (2014) [18] .
Although exposure to constant high temperatures is known to increase embryonic metabolism, this effect seems to be biphasic, with metabolic acceleration being restricted to the first half of incubation (until day 9), during which heat production by the embryo is minimal. The final result that would be expected is that of generally lighter embryos and a batch of hatchlings with poor uniformity in bodyweight, especially when temperature constitutes the limiting factor. However, unlike in other published works [12, 17] , we did not perceive, in this study, a significant effect on embryoto-egg weight ratios for embryos incubated under constant high temperatures.
Mortality rates for both temperature-related treatments were higher during the first four days of incubation, when the organs of the main systems and apparatuses are developing. Temperature changes produced much more prominent changes on embryo mortality, particularly when temperature dropped 1.1 degrees Celsius below the established ideal temperature of 37.8°C. These results are in agreement with previously published works [4, 6, 19] .
Changes in relative humidity produced less radical effects on mortality, with values remaining within those defined as normal. The only exception was for a sudden increase in mortality at the end of incubation for embryos challenged with Treatment C, most likely caused by overhydration. Malformation rates were higher for embryos subjected to high incubation temperatures and were most prominently related to the abdominal wall, head, skull and limbs for both temperature-related treatments. Compound malformations were a common event whenever malformations were present, suggesting the possibility of multiple lesions to the stem-cell population caused by thermal stress, which then evolved into different sequelae in various organs and systems or, alternatively, affected rapidly growing key support structures (e.g., blood vessels) due to the accelerated growth of the embryo during the first few days of incubation. Malformations present in embryos subjected to relative humidity-related treatments were less frequent or not present (for high constant relative humidity embryos).
Conclusions
This paper describes changes in embryonic metabolism and behaviour, as well as in mortality and malformation rates, in response to manipulations in environmental temperature and relative humidity. Overall, manipulations in environmental (incubator) temperature during incubation produced more drastic changes in embryo development than humidity-related manipulations, especially whenever mortality and malformation rates were concerned.
Although this study was limited to a relatively small sample of animals (especially when the number of eggs hatched per incubator and hatchery in a normal, industrial environment are considered), the results obtained can shed some light on patterns of embryonic response to changes in incubation environment. Even if there is no one pathognomonic change in response to each of the treatments concerned in this study, applying these observations to a larger sample of eggs could refine these patterns further and prove to be an important addition to the diagnostic tools available to farmers.
